Purpose: Optical redox imaging (ORI) technique images cellular autofluorescence of nicotinamide adenine dinucleotide (NADH) and oxidized flavoproteins (Fp containing FAD, i.e., flavin adenine dinucleotide). ORI has found wide applications in the study of cellular energetics and metabolism and may potentially assist in disease diagnosis and prognosis. Fixed tissues have been reported to exhibit autofluorescence with similar spectral characteristics to those of NADH and Fp. However, few studies report on quantitative ORI of formalin-fixed paraffin-embedded (FFPE) unstained tissue slides for disease biomarkers. We investigate whether ORI of FFPE unstained skeletal muscle slides may provide relevant quantitative biological information. Procedures: Living mouse muscle fibers and frozen and FFPE mouse muscle slides were subjected to ORI. Living mouse muscle fibers were imaged ex vivo before and after paraformaldehyde fixation. FFPE muscle slides of three mouse groups (young, mid-age, and muscle-specific overexpression of nicotinamide phosphoribosyltransferase (Nampt) transgenic mid-age) were imaged and compared to detect age-related redox differences. Results: We observed that living muscle fiber and frozen and FFPE slides all had strong autofluorescence signals in the NADH and Fp channels. Paraformaldehyde fixation resulted in a significant increase in the redox ratio Fp/(NADH + Fp) of muscle fibers. Quantitative image analysis on FFPE unstained slides showed that mid-age gastrocnemius muscles had stronger NADH and Fp signals than young muscles. Gastrocnemius muscles from mid-age Nampt mice had lower NADH compared to age-matched controls, but had higher Fp than young controls. Soleus muscles had the same trend of change and appeared to be more oxidative than gastrocnemius muscles. Differential NADH and Fp signals were found between gastrocnemius and soleus muscles within both mid-aged control and Nampt groups. Conclusion: Aging effect on redox status quantified by ORI of FFPE unstained muscle slides was reported for the first time. Quantitative information from ORI of FFPE unstained slides may be useful for biomedical applications.
Introduction
Fluorescence properties of mitochondrial nicotinamide adenine dinucleotide (NADH) and oxidized flavoproteins (Fp containing FAD, i.e., flavin adenine dinucleotide) contain a wealth of information on the metabolic status of a living system. Optical redox imaging (ORI) probes metabolic/redox status based on imaging the autofluorescence of endogenous NADH and Fp, and calculating the Fp redox ratio Fp/(NADH+Fp). Pioneered by Chance et al. [1] [2] [3] [4] [5] , ORI has been widely applied to investigate cell/tissue energetics and metabolism for acquiring biological and pathological information and detecting therapeutic response [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . For example, by ORI of the snap-frozen core biopsies from clinical breast cancer patients, we discovered that compared to normal surrounding tissues, cancerous breast tissues have higher Fp and NADH signals and a higher Fp redox ratio Fp/(NADH+Fp), indicating a more oxidized state [9] . We also found in breast tumor xenografts models that the highly metastatic tumor MDA-MB-231 has a higher level of redox heterogeneity with localized regions of higher redox ratio compared to the less metastatic tumor MCF-7 [12] . We observed that the Fp redox ratio of the more oxidized intratumor subpopulations significantly and linearly correlated with the invasive potential of five mouse xenograft models of human melanomas spanning a full range of metastatic potential [11] . These studies were all performed with snap-frozen tissues. Snap-freezing is a standard preparation procedure that rapidly arrests tissue metabolism and preserves, as closely as possible, the metabolic state of a fresh tissue [24] .
Beside snap-freezing, tissue fixation with formalin or other fixation reagents is another way of preventing tissue from decaying. Multiple studies have shown that the characteristic peaks of NADH and Fp persist and the fundamental properties of their endogenous fluorescence are preserved during formalin fixation followed by paraffin embedding process [25] [26] [27] [28] [29] . Thus, measuring the fluorescence signals of NADH and Fp channels in FFPE unstained tissue may reveal biologically and pathologically relevant information. For example, using a spectroscopic approach, Majumder et al. found that significant differences are detected in formalin-fixed slides derived from cancerous breast tissue and normal surrounding tissue, with the cancerous tissue having higher signal in the spectral range of NADH fluorescence [26] . This is consistent with our findings on snap-frozen tissues from clinical breast cancer patients [9] . Conklin et al. investigated fixed unstained tissue slides from a transgenic mouse model of breast carcinoma in situ consisting of both cancerous and normal tissues employing multiphoton excitation and photon-counting techniques [28] . They observed that the cancerous tissue had higher FAD (Fp) intensity compared to the normal regions. Xu et al. mapped the nominal concentrations of various endogenous fluorophores including NADH and FAD (Fp) in an FFPE unstained tissue matrix array using a wide field fluorescence microscope. They found that the concentrations of these fluorophores significantly decreased from normal, perilesional, to cancerous lung tissue [29] . It has also been reported that formalin has a relatively weak effect on the fluorescence spectrum in the signal range of NADH and Fp compared to methanol which increases the fluorescence signal of NADH channel [27] . These studies indicated a potential for applying ORI to FFPE unstained tissue slides using a regular wide field fluorescence microscope. Such a technique can be useful to acquire pathological information from clinically annotated FFPE slides which are readily available.
Our long-term goal is to investigate whether ORI technique can be applied to quantitatively image clinical FFPE unstained tissue slides to extract pathological information for cancer diagnosis/prognosis. Some preliminary data showing ORI of FFPE slides of breast tumors (both animal model and tumor tissue from clinical patients) have been published in a conference proceedings [30] . Considering the high complexity of tumor tissues, we started with a relatively simpler model: mouse skeletal muscle tissue slides for quantitative analysis of imaging data. Since we have not seen any imaging study that reports the immediate fixation effect on tissue NADH and Fp fluorescence signals, we first show the quantitative changes of ORI indices induced by paraformaldehyde (PFA) on fresh muscle fibers. We then report quantitative analysis on ORI of FFPE unstained muscle slides of three mouse groups (young, mid-age, and mid-age Nampt). Finally, we discuss some technical issues and future development of this technique. To our knowledge, ORI of FFPE unstained muscle slides to quantify aging effect on the redox status has not been reported before.
Materials and Methods
The animal protocols utilized in the study were approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania.
Imaging Fixation Effect
To investigate the fixation effect on redox indices, living mouse muscle fiber bundles of G 1 mm thick were isolated from 16-week-old C57BL/6J.Nia mice immediately after cervical dislocation and placed into oxygenated Ringer's solution in a 35-mm glass-bottom Petri dish. They were imaged within 30 min using a Leica SP8 Multiphoton Microscope (NADH channel: 750-nm excitation and 435-485-nm emission, Fp channel: 860-nm excitation and 515-535-nm emission). Some leg muscles of 1-3 mm thick were also isolated from an anesthetized male nude mouse and placed in PBS spiked with 25 mM glucose. They were imaged within 30 min using an EVOS FL Auto Imaging microscope with filter cubes of DAPI (357/44 nm excitation, 447/60 nm emission) and GFP (470/22 nm excitation, 510/42 nm emission). Immediately after imaging, the media were changed to 4 % PFA on site without removing the Petri dish off the microscope stage in order to keep the specimen at its original x-y position. Approximately 5-10 min later, the same field of view (FOV) was imaged again. A single location/FOV was imaged once for any particular sample both before and after PFA fixation.
Imaging Tissue Slides
Frozen Muscle Slides C57BL/6J.Nia young (3 months) and old (20 months) male mice were sacrificed by cervical dislocation and dissected gastrocnemius muscles were immediately frozen in OCT under chilled isopentane and stored in − 80°C. Muscle slides of 30 μm thickness were obtained by cryosectioning the tissue blocks (− 20°C) and stored in − 20°C freezer until imaging. Right before imaging, a drop of chilled PBS was placed on the frozen slide followed by covering with a cover glass. The slide was then immediately placed in the imaging chamber and imaged with the EVOS FL Auto Imaging microscope under room temperature. The time duration between the frozen state and imaging was a couple of minutes.
FFPE Muscle Slides
FFPE slides were prepared from three groups of C57BL/ 6J.Nia mice. The young group includes three 14-week-old mice. The mid-age group includes three 13-month-old mice. These two groups are designated as the control groups consisting of Cre only, floxed, or wild-type mice, which are phenotypically identical according to our observation. The third group is the transgenic group which is made of three 13-month-old mice with musclespecific Nampt overexpression [31] . We refer to this group as Nampt group. Gastrocnemius and soleus muscles were immediately isolated from the three groups of mice after cervical dislocation. The isolated muscles were fixed with 4 % PFA in 1× PBS overnight and rinsed in 1× PBS (fixation time~16 h) followed by changing PBS six to eight times until paraffin embedding next day. Tissue slides were cut with a thickness of 7 μm. Gastrocnemius and soleus muscles from the same mouse were placed on the same slide. All these fixed slides were stored in slide box at room temperature until imaging. The storage time was 5-6 years.
For each group, three FFPE unstained muscle slides (each from an individual mouse) were subjected to ORI using the same EVOS microscope as mentioned above. For each slide, multiple (5-10) randomly selected FOVs were imaged with a 20× objective. Images of the young and mid-age control muscles were acquired within 3 days. The Nampt muscle slides were imaged 30 days later.
Image Analysis
Matlab ® routines were used to quantify signal intensities of muscle slides for NADH and Fp channels. Each image was first flattened by fitting the overall background with a third-degree polynomial function (poly33) and subtracting the function from the image. The mean background intensity was then computed by drawing an ROI at a paraffin-covered region where there was no tissue. This mean background was subtracted when calculating the mean values of each FOV. The thresholds of both NADH and Fp signals were three times the background standard deviation above the mean of the background signal. Pixels with signals above the threshold were kept for further data processing. For quantitative comparisons, NADH and Fp signals across different FOVs and slides were all normalized to the same exposure time, instrument gain, and light source intensity. The mean values of each redox index (i.e., Fp, NADH, and the redox ratio Fp/(Fp + NADH)) were obtained for each FOV.
Statistical Analysis
Paired Student's t test was performed to identify the PFA effects on the redox indices of living muscle tissues. Images of cross-sectional gastrocnemius and soleus muscle fibers were selected for statistical analysis with linear mixed-effect model (LMM). In the LMM analysis, the Bsubjects^were mouse ID and Brepeated^was FOV with covariance structure of heterogeneous autoregressive; one of the redox indices, e.g., Fp, was set as Bdependent variable^for each analysis with group being the Bfixed-effect factor.^There were three comparisons made between groups (young, midage, and Nampt) and one within group (gastrocnemius vs soleus) for each redox index, and p G 0.01 was considered statistically significant with adjustment for multiple comparisons.
Results

PFA Fixation Effects on the Redox Signals
NADH and Fp florescence signals are readily detectable in muscle tissues and the majority of the NADH and Fp signals come from mitochondria [32] [33] [34] [35] [36] . Employing a two-photon microscope, we first imaged several living muscle fiber bundles ex vivo and re-imaged the same FOV~5 min after the medium was replaced with 4 % PFA. Figure 1 shows before and after fixation results of one muscle fiber bundle. In both living and fixed conditions, the fiber bundles exhibit abundant NADH and Fp fluorescence and fixation induced a pronounced increase in Fp signal intensity.
For easier experimental performance, we then employed the EVOS microscope to image four specimens of muscle fiber bundles ex vivo before and after PFA fixation acquiring signals from the same FOVs. All of them showed the similar trend of change due to PFA fixation for each redox index as shown in Fig. 2 for the individual samples. Paired t test analysis shows that the average Fp signal increased 40 % (p = 0.095), the average NADH signal decreased 13 % (p = 0.17), and the average Fp redox ratio was 15 % higher (p = 0.0093) after fixation (Fig. 2 ). It appears that for leg muscle, PFA affected the Fp signal more than it did the NADH intensity, resulting in a significantly higher redox ratio.
Quantitative Analysis on ORI of FFPE Muscle Slides
To ensure that we can detect NADH and Fp signals of muscle slides, we first imaged several frozen muscle slides at room temperature. Figure 3 shows redox images of a young and an old muscle section. To better display the fine structures of the fibers, the color bar scales of Fp and NADH images of the young muscle slide were set half of that for the old muscle. In the section of young muscle, three fiber types as represented by the different intensities [37] can be identified: bright, mid-level, and low level of brightness in both Fp and NADH images. In the old muscle section, the average signal intensities in both channels were higher than that of the young muscle, but the contrast among fiber types diminished and the intensity inside individual fibers decreased while the fiber rim became brighter. To detect possible signal changes of the frozen slides over time, for one of the slides we also imaged the same FOV at different time points starting from 4 to 40 min at approximately 10-min intervals. We found that NADH decreased~14 % and Fp increased~7 % over the time course of~40 min. Since we were able to readily detect NADH and Fp signals from living muscle fibers before and after fixation, and frozen muscles on glass slide, we then performed ORI of FFPE unstained muscle slides of different mouse ages to investigate whether the redox indices could detect age difference. Typical ORI images are shown in Fig. 4 . In the young gastrocnemius muscle, the different types of fiber are clearly observed, more prominent in Fp and redox ratio images. The boundary of the fibers of the mid-age gastrocnemius muscle is less clearly defined. However, the boundary of Nampt gastrocnemius muscle fibers appear to be better defined than that of the control mid-age gastrocnemius muscle. Similarly, different fiber types are also observable in the images of soleus muscle.
To test if the quantitative redox indices obtained from imaging the FFPE unstained slides can differentiate among three muscle groups, we quantified the mean values of NADH, Fp, and the redox ratio in each FOV image. Boxplots for the redox index measurements of individual fields of view were shown in Fig. 4 . We performed LMM analyses to compare the redox difference among three groups. As shown in Table 1 , for the gastrocnemius muscle slides, either Fp or NADH intensity readily distinguished the young group from the mid-age group with the young muscle fibers having significantly lower Fp and NADH. The values of Fp and NADH of Nampt group fall in between and significantly differ from the young and mid-age groups. The redox ratio was not significantly different among three groups.
A similar trend of changes was also observed for the soleus muscles. The mid-age soleus muscles have significantly larger NADH compared to the young group. NADH and Fp intensities of Nampt group again fall in between that of the other two groups, with NADH being significantly lower than that of age-matched control fibers. Similar to the gastrocnemius muscles, there was no significant difference in the redox ratio among the three groups.
We also compared gastrocnemius with soleus muscles within the same age group. We found that soleus muscles have higher redox ratio than gastrocnemius muscles for the young group with a marginal significance (p = 0.016) but neither Fp nor NADH differs significantly. For the mid-age group, soleus muscles are higher in NADH (p = 0.011), Fp (p = 0.034), and the redox ratio (p = 0.0003) than gastrocnemius muscles. For Nampt group, soleus muscles are higher in both NADH (p = 0.024) and Fp (p = 0.0074) than gastrocnemius muscles with the redox ratio trending higher (p = 0.20). Overall, soleus muscles have a trend of being more oxidative and higher in NADH and Fp than gastrocnemius muscles. The higher fluorescence signal intensities in the more oxidative soleus muscles may reflect its higher mitochondrial content [38] .
Discussion
This paper reports initial quantitative results for a feasibility study aiming to develop an ORI technique for imaging FFPE unstained tissue slides to identify potential optical biomarkers. It is known that formaldehyde changes the molecular properties of tissues, such as attaching hydroxymethyl groups to these molecules, which may react with other molecules to form crosslinks in a complex manner [39] . Prior reports indicate that formalin fixation results depend on the types of tissue specimens and how they were stored. The spectroscopic study by Filippidis et al. shows that formalin fixation increases the fluorescence intensity of calcified plaque in the spectral range of Fp [25] . Majumder et al. reported that in the spectral range of NADH and Fp fluorescence, formalin fixation caused no noticeable change in spectral intensity of normal breast tissue but a large increase in breast cancer tissue [26] . This differential effect of formalin fixation was explained by breast cancer tissue having higher water and hemoglobin content which were lost during fixation. Furthermore, Conklin et al. reported a quantitative comparison between live and fixed 3D models of normal human breast cell line MCF10A [28] . Their findings show that fixation did not significantly change the fluorescence lifetimes of NADH and Fp (in either bound or free form) in the acini. In the present study, we monitored both NADH and Fp signals for the same location/FOV of living muscle fibers before and immediately after~5 min PFA fixation. We observed a 15 % increase of redox ratio due to fixation. The statistically insignificant changes of Fp and NADH caused by immediate PFA fixation are likely due to the large inter-tissue standard deviations. We have not seen any reported comparison of NADH and Fp fluorescence intensities between living and PFA fixed muscle tissues. More repeated experiments are needed to verify the preliminary results reported here.
By ORI of both frozen and fixed muscle slides, we observed distinct types of muscle fibers based on fiber fluorescence intensities in the NADH and Fp channels. Such imaging patterns of muscle autofluorescence attributable to NADH and Fp fluorophores have also been observed in fixed or frozen slides of mouse or monkey skeletal muscles by others [40, 41] . These patterns were associated with various fiber types exhibiting different mitochondrial activities. However, there were no previous reports on such redox heterogeneity patterns of FFPE unstained muscle slides as we presented here.
By quantifying Fp and NADH signals, we also showed that mid-age and old muscles had overall higher Fp and NADH intensities than those from young mice, indicative of higher contents of Fp and NADH. Although the NAD + pool has been reported to decrease with age in muscle [42] , several studies have reported a redox shift and/or increase in NADH that is consistent with our findings. For example, using a fluorescence microscope to measure NADH intensity in living lumbrical muscles of mouse hind paw, Claflin et al. found an age-associated elevation of NADH [37] and Braidy et al. reported a shift in the NAD + /NADH redox state favoring NADH in multiple tissues of aged rats [43] . Employing a two-photon imaging system, Pugh et al. observed an elevated FAD in mid-age (15 years old) skeletal muscle (vastus lateralis) of rhesus monkeys, and the free NAD + /NADH ratio as biochemically measured from the muscle homogenates decreased in mid-age muscle compared to both young and old [41] . A more reduced mitochondrial redox environment with increased NADH autofluorescence in old mice has also been reported by others [44] . In addition to Fp and NADH intensities, we also quantified the Fp redox ratio which showed no significant difference between young and mid-age groups. Further investigations are needed to confirm whether and how the Fp redox ratio may change with age.
Nampt is the rate-limiting enzyme in the salvage pathway for NAD synthesis from nicotinamide, which is the dominant pathway in skeletal muscle. NAD concentration decreases in muscle over the course of natural aging and increasing NAD synthesis has been suggested to delay some age-related degenerative processes [42] . Our data showed that mid-age muscles had significantly higher NADH than young muscles. Consistently, we observed that Nampt overexpressed muscles had significantly lower NADH than that of aged-matched control muscles. Compared to spectroscopy, imaging/scanning techniques are advantageous for studying tissues since both signal intensity and spatial heterogeneity can be obtained. With the Chance redox scanner being a standard technique/tool in our research, raster scanning of snap-frozen tissues immersed in liquid nitrogen allows us to extract both intensity and spatial heterogeneity information at a resolution of~50-200 μm. When taking spatial redox heterogeneity into account, we found intra-tissue heterogeneity-associated redox indices readily differentiated tumors with different metastatic potentials [11, 12] or genetic status [45, 46] , whereas the difference was not or less significant by global averaging method. The submillimeter spatial heterogeneity information revealed by redox scanning/imaging would be difficult to obtain by spectroscopy.
On the other hand, the Chance redox scanner is still limited by its spatial resolution of 50 μm. The much higher resolution (~1 μm) achieved by a fluorescence microscope may serve the purpose of identifying redox information on a finer scale. In the case of studying muscles, the redox information of the fine structures of a fiber bundle (diameter~50 μm) can be readily revealed by a fluorescence microscope (Figs. 3 and 4) . We can observe different fiber types and segment fiber types to determine how aging may have affected them individually, although we only performed global averaging of redox indices for the purpose of this study. To our knowledge, quantitative ORI analysis of FFPE unstained muscle slides based on individual fiber types have not been reported and could be a direction of future investigation.
Several technical issues should be addressed in the future. We need to have better controlled fixation process to study fixation effects on the intensity of NADH and Fp with various types of tissues. In the present study, we also imaged two fixed slides of adjacently cut young gastrocnemius muscle and found that the mean values of the redox indices were very close (data not shown), supporting the reproducibility of this technique for imaging FFPE slides. For method validation, the reproducibility of imaging fixed tissue slides should be further evaluated. Longitudinal ORI should be performed on tissue slides to test whether there is a temporal dependence of ORI signals of FFPE unstained tissue slides. In addition, an internal standard may be needed to account for instrument fluctuations across different imaging sessions (although the possible instrument fluctuation was insignificant within the short period of this study). An imaging analysis method that removes the vignette effect for quantification of fluorescence intensity of entire tissue slides may also be needed should tile-imaging is used to image a large tissue area on the slide. To screen large quantities of clinical tissue slides, our image analysis method needs improvement in its versatility, such as removing artifacts and extracting pathologically relevant information.
Conclusions
This study investigates the feasibility of ORI of FFPE unstained skeletal muscle slides to quantify aging effect on the redox status. PFA fixation of living mouse leg muscle resulted in a higher Fp redox ratio but insignificant change in NADH and Fp. Distinct muscle fiber types and fine fiber structures based on the fluorescence intensity have been observed in both frozen and FFPE slides. We discovered that mid-age gastrocnemius muscles had significantly higher signals in both NADH and Fp channels than the corresponding young muscles. Nampt-overexpressed transgenic gastrocnemius muscles showed intermediate NADH signals compared to those of young vs age-matched control muscles. We found no significant difference in the Fp redox ratio among three groups. We also observed that the Fp redox ratio of soleus muscles was significantly higher than gastrocnemius muscles in the mid-age group and trending higher in both the young and Nampt groups. The NADH and Fp signals in the soleus muscles tend to be higher than those in the gastrocnemius muscles. Although more experiments are needed to further develop this approach, the ORI patterns of muscle fibers and quantitative analysis on aging effects shown in this study reveal the potential of this technique to provide biological and pathologically relevant information.
